The luminescent down-shifting (LDS) effect of a colloidal quantum dot layer on a dual junction solar cell is explored and analyzed. A 5.47% enhancement of power conversion efficiency is recorded when green quantum dots are dispersed on device surface. The surface reflectance spectra before and after the quantum dot dispenses are necessary to decouple the different mechanisms between antireflective and LDS effects. A further deduction of formulation on the dual-junction device with antireflection and LDS effect is presented and as high as 44.6% of short-circuit current increase in the green quantum dot case can be attributed to the LDS effect according to our calculation.
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Introduction
Due to the concerns of global warming effect and energy crises in the past decades, technologies that can harness solar energy have attracted worldwide attention. Among various candidates suited for this purpose, semiconductor-related photovoltaic (PV) technology is one of the most popular ones. In addition to the common choice of silicon, GaAs is crucial in high-concentration PV applications. GaAs is a direct bandgap material that exhibits high absorption over the entire visible portion of the solar spectrum; therefore, GaAs-based solar cells are regarded as a promising technology for high power conversion efficiency (PCE). Recently, Alta Devices Inc. achieved 28.8% PCE with a GaAs single-junction solar cell, setting a new PV efficiency record [1] . Although GaAs solar cells exhibit favorable material properties, their surface Fresnel reflection and surface recombination loss are high. The Fresnel reflection that is attributable to refractive index mismatch can be effectively suppressed if an intermediate layer is inserted between the air and semiconductor. This layer, often called antireflective (AR) coating, plays a key role in increasing the photon reception of the device [2] - [4] . In addition to reducing surface reflection, using the full solar spectrum is necessary for further increasing PCE, especially in the ultraviolet (UV) range. High-energy UV photons can be easily absorbed by the material at a shallow depth, but the generated electron-hole pairs are close to the semiconductor surface where recombination loss is high [5] . This problem can be mitigated using certain substances to transform high-energy photons into lower-energy ones; this process is known as luminescent downshifting (LDS) effect [6] - [9] . The LDS effect provides enhancements in the short wavelength response of PV devices by absorbing the UV photons and re-emitting visible ones, which can then penetrate more deeply into semiconductors, and more electron-hole pairs can be collected because of the fewer nonideal recombination centers in the bulk [5] , [10] . Hovel et al. first reported in the 1970s that the LDS effect could enhance solar-cell performance at short wavelengths [11] . Studies have examined the use of organic dyes as downshifters [12] - [16] . The organic dye molecules possess poor photostability and narrow absorption spectrum bands, and thus obtaining high PCE is difficult [6] , [12] , [14] , [17] - [19] . In addition to organic dyes, semiconductor-based quantum dots (QDs) or colloidal quantum dots (CQDs) have emerged as another promising LDS materials in recent years [19] - [24] . These QDs are very tiny, usually in the scale of ten nanometers. The confinement in three-dimensional space of electrons and holes leads to quantum mechanically energy level separation and highly efficient photonic transition can be expected [25] . In the past, many excellent experiments and theoretical works related to QD-enhanced LDS effects for PV devices, have been published [21] , [23] , [26] , [27] . These experiments established the prominent role of the QD-assisted LDS effect for the next generation of PV devices. However, most previous works focused on single-junction solar cells that are simple to fabricate and theorize. Multiple-junction solar cells are more complicated and difficult to predict, and few results are available. In this work, QDs were applied to a dual-junction InGaP/GaAs solar cell, and the enhanced PCE was analyzed through detailed measurements of reflectivity, EQE, and photovoltaic I-V characteristics. The theoretical derivation is attempted to reveal the possible way to optimize this LDS effect.
Experiment and Devices
The schematic diagram of the dual-junction solar cell can be shown in Fig. 1(a) : the top cell is InGaP based design, whereas the bottom cell is made of GaAs. All the dual-junction solar cells had their epitaxial layer structure grown by a metal-organic chemical vapor deposition system (MOCVD), and the epitaxial layer structure is shown in The Epitaxial Structure of the Dual-Junction Solar Cells the process, the original GaAs substrate was removed, and the dual-junction epitaxial layers were transferred (upside down) to an 80 μm Ni substrate. Fig. 1(b) shows the finished devices under the optical microscope. The overall processed wafer piece is 1 cm by 1.5 cm and contains 27 individual cells, and the illuminated area for an individual device is 0.9 mm 2 . After the semiconductor fabrication processes were finished, the devices were ready for casting the QD layer. The QD layer, which provides the major LDS effect, comprises CdS/ZnS or CdSe/ZnS core shell-type nanoparticles. For emission wavelengths (λ QD ) shorter than 460 nm, the QDs are made of CdS/ZnS, whereas the CdSe/ZnS structure is applied for longer wavelengths (i.e., >520 nm). In our experiment, three wavelengths (450 nm, 520 nm, and 640 nm) of QDs were selected on the basis of our previous results [28] , and the corresponding samples are labeled as QD450, QD520, and QD640, respectively. All the QDs were purchased from the UT Dots Company. The sizes of the QDs in this paper are: 2.3 nm(QD450), 3.0 nm(QD520), 5.5 nm(QD640), and the three quantum dots all have quantum yields higher than 50% in solvents by the vendor data sheets. The photoluminescence (PL) and absorption spectra of QD450, QD520, and QD640 are shown in Fig. 2 . The QDs were stored in toluene with concentration of 5 mg/ml and the micro-pipette was used to cast the QDs on the surface. Every dispense takes 1 μl (one micro-liter) and the quantity was kept the same for all experiments. In Fig. 2(d) , the absorption spectra of the dual-junction InGaP/GaAs solar cell and the single junction GaAs solar cell are shown for the comparison. The absorption percentage can be obtained from 100%-(reflection)-(transmission). The black dashed line indicates the bandgap of the In 0.47 Ga 0.53 P material and the extra absorption beyond the GaAs single junction solar cell can be attributed to the InGaP layer.
The devices were then placed under simulated AM1.5G light for photovoltaic J-V response. A power supply (Newport 69920), a 1000-W Class-A solar simulator (Newport 91192A) with a Xenon lamp (Newport 6271A) and an Air Mass 1.5, Global (AM1.5G) illumination filter (Newport 81088A), a probe stage, and a source meter with a 4-wire mode (Keithley 2400) are used for J-V characterization. The accuracy of the measurement is an important factor and it can be estimated by the repeated J sc and V oc acquisition. The stability of probing system and the calibration of the source meters can be carefully monitored and improved by this multiple tests. From the data we obtained, the generic error of the measurement in both J sc and V oc shall be lower than 0.5%. During the enhancement evaluation, the parameters of the same device were used before and after the CQD dispense to eliminate the possible variation among the devices. The external quantum efficiency (EQE) measurement was performed by a system with a Newport 66984 Xenon lamp and a Newport 74112 monchromator [28] . The surface reflection spectra of the device before and after the QD dispense were taken for detailed studies.
Measurement Results
Fig . 3 shows the I-V characteristics of the three samples: for the QD450 sample, J sc increases from 8.79 mA/cm 2 to 9.18 mA/cm 2 , V oc remains almost the same, and the efficiency rises from 13.78% to 14.3%. For the QD520 sample, J sc increases from 9.53 mA/cm 2 to 10.43 mA/cm 2 , and efficiency increases from 15.44% to 16.29%. For the QD640 sample, J sc increases from 9.05 mA/cm 2 to 9.53 mA/cm 2 , and efficiency increases from 13.96% to 14.43%. The percentages of J sc enhancement are 4.37%, 9.37%, and 5.35% for the QD450, QD520, and QD640 samples, respectively. The best PCE increment can be seen in QD520 sample, which tops at a 5.47% increase. Table 2 shows the summary of the devices with and without QDs. In Table 3, multiple TABLE 2 The summarized list of performances of cells with and without QD layers measurements were cast to demonstrate the average and standard deviation of a generic cell with and without CQDs. The overall measurements show that the QD520 sample has a more favorable response in terms of the PCE enhancement. To properly analyze the extent of the LDS effect, the reflectivity and the EQE spectra must be considered as well [27] . Fig. 4 shows the surface reflectivity spectra of the solar cells with and without QDs. All three types of QD samples show reduction of surface reflection due to introduction of the QD layer with an intermediate refractive index. In Fig. 4 , the surface reflection of the dispensed devices for different CQDs shows a certain trend at UV wavelength range, i.e., the higher reflection for larger CQDs (R QD640 > R QD520 > R QD450 ). From the absorption cross-section study in Ref. [29] , [30] , a larger quantum dot has a much higher absorption crosssection which leads to larger extinction coefficients (n and κ) above the band edge. Because the surface reflection is determined by the difference between the air and the complex refractive index (n + iκ), it is conceivable that the larger dots can have higher reflective index and thus higher surface reflectivity in the UV range. Fig. 5 shows the EQE spectra from the three samples, and strong enhancement can be found in the green (QD520) sample, whereas the enhancement for the blue QD sample (QD450) and red QD sample (QD640) is not obvious. In general, the strength of the LDS effect should be evident in the shorter wavelength ranges, particularly beyond the absorption edge in Fig. 2 .
Another important parameter that can change the PCE greatly is the fill factor (FF) of the device before and after QD dispense. In some cases, the presence of external materials can be detrimental to the FF due to extra leakage paths created by these add-on particles. In our cases, both J-V curves before and after QD dispense showed very little changes of FF, which indicates our QD layer did not introduce any other current losses.
Discussion
This section provides analysis and discussion to specify the operation of the QD-enhanced dualjunction solar cells. In a generic solar cell, when the QD layer is applied to the surface of the solar cells, the surface reflectance was changed due to the additional QD layer with intermediate refractive index, and thus the number of photons received by the device is also changed. At the same time, the QD layer can absorb the UV photons and convert them into visible ones (the aforementioned LDS effect) and provide the solar cell with extra efficiency boost. To accurately estimate the LDS effect, we must consider these changes. On one hand, the photons that enters semiconductors increase because of the anti-reflective property brought by the QD layer, and on the other hand, the down-shifted photons originated from the QDs also impinge upon and get absorbed by the device as well. At longer wavelength range, where the absorption of QD is weak or negligible, only pure AR effect needs to be considered. However, in the shorter wavelength, where the QD absorption is significant, both AR and LDS effects can happen and the situation gets complicated. To properly address this situation, the surface reflection of the device has to be measured to facilitate the analysis. On the basis of our single-junction device results [28] , we provide the following formula for short-circuit current density enhancement:
where EQE QD is the EQE of the device with the QD layer, and EQE ref is the EQE without the QD layer and I(λ) is the solar spectrum. To further explore, the relationship between IQE and EQE can be used: EQE = IQE×(1-R), and R is the surface reflection of the device [28] . The integral equation
can then be re-arranged into:
where IQE QD is the internal quantum efficiency (IQE) of the whole device with the QD layer, IQE ref is the IQE without the QD layer. Notably, two factors are vital in this formula: one is enhancement through the antireflection effect (represented by AR ), and the other is enhancement attributed to the LDS effect (represented by LDS ). In equation (2), the term (1 + LDS ) is the ratio of IQE values (IQE enhancement), and the (1 + AR ) term is the ratio of changed surface reflection (AR enhancement). We believe that the comparison of efficiency enhancement should be based on the same number of received photons; therefore, the effect of surface reflection must be decoupled. By taking out the AR enhancement term, the factor that can increase solar cell's quantum efficiency can only come from the extra down-shifted photons from QDs, and thus the IQE enhancement can be viewed as the LDS related term. The overall enhancement, which can be obtained through EQE measurement, can be written as follows [28] :
According to this relationship, overlapping EQE enhancement with the AR enhancement profile obtained from the reflection spectrum can reveal whether any LDS effect exists in the device. If the external enhancement is higher than the AR enhancement curve, the value of (1 + LDS ) would exceed 1; therefore, LDS would exist. However, if the external enhancement is close to or even lower than the AR enhancement curve, then two possibilities can be referred: either extra scattering loss or absorption in the QD layer such that the LDS effect is suppressed. Generally, a peak (for a favorable LDS effect) or a notch (for strong absorption by QDs) can be found in the UV region, whereas a close match between the AR enhancement curve and EQE ratio profile at long wavelengths can be expected because the effects of LDS are negligible and only the antireflection effect occurs in this longer wavelength range.
In addition to EQE, one can analyze further on the IQE of a photovoltaic device. As stated previously, the IQE response is the part that exclude the surface reflection effect. In a single junction device, the IQE with the QD layer when compared to no-QD case can be formulated as [28] :
where A QD is the absorption of the QD layer, η LDS is the photon ratio of emission over the absorption in the QDs, and it can be regarded as the LDS efficiency. The first part of the Eq. (3) describes the efficiency of unabsorbed high energy photons and the second part describes the situation that when certain amount of high energy photons gets absorbed by QDs and re-emiting the visible photons (η LDS (λ) × A QD (λ) term) at λ QD . With Eq. (1) to Eq. (4), one can calculate the single junction solar cell when the QD layer is presented. When dealing with the incident light and the CQD particles, it is natural to consider the generic theory like Mie scattering to determine the absorption and the reflection/anti-reflection effects. However, the range of wavelengths we are interested covers from 300 nm to 700 nm, and the size of the particles are between 2 to 6 nm. As pointed out previously [29] , due to this enormous difference in the incident photon wavelength and particle size, the scattering cross-section of the CQD can often be neglected when compared to regular material absorption in the extinction cross-section summation. In the short wavelength region of this study, we tend to model the whole CQD structure as an ensemble and treat it as an emissive and absorptive layer and the negligible scattering loss can be embedded in the η LDS and A QD (λ) terms. In the longer wavelength region where the surface reflection is important, it is true that the size and packing density of the quantum dots might affect the anti-reflection of the device. If the packing density is high, the same volume might contain more CQDs than the low density surface, which can lead to higher refractive index and different anti-reflection effect. In our model, the surface reflection is a measured parameter, and we do not calculate theoretically the surface reflection due to the different dot sizes or packing densities. The measured surface reflection can then be applied to extract the internal quantum efficiency (IQE) to complete our evaluation. For the dual junction devices in our study, two factors are essential when considering J SC : the current matching between the top and bottom cells and the emission wavelength of QDs (λ QD ). The short-circuit current density of a tandem solar cell is not the sum but rather the smaller one of the two cells. So it is important to match them and certain simulation will be helpful to have an optimal operation condition. As for the emission wavelength of the QDs, where the λ QD locates can determine the way of LDS affecting the cells. Three different conditions can be summarized as: (A) λ QD in the top cell spectral response; (B) λ QD locates in between the spectral responses of two cells; (C) λ QD in the bottom cell spectral response, as shown in Fig. 6 . In the case (A), the formula is the same as the single junction device and only the AR portion in the bottom cell need to be considered. In the case (B) & (C), the situation gets more complicated because both the top and bottom cells can react with QD emitted photons. So the Eq. (4) can now be re-written as:
where the A top (λ QD ) is the percentage of photons at QD emission wavelength that are absorbed by the top cell, and this needs to be considered when the QD photons penetrate through the top cell. The variables, such as IQE top QD and IQE bot QD , have similar meanings to their single junction counterparts and represent the IQEs of the top and bottom cells with QD layers, respectively. Other explanations of variables in Eq. (6) can be found in single junction case. Based on this model, we can evaluate the IQE under the influences of QD layers numerically in dual junction devices. In the following analysis, we will use the measured quantum efficiency spectra as an example to emulate the situations under various LDS efficiencies (η LDS ). In case (B), the λ QD sits between the two absorption ranges of the top and bottom cells, and thus both of the cells can absorb the re-emitted photons. The calculation shows that the UV part of the EQE can be enhanced as predicted, and the reduction of EQE spectrum in bottom cell at short wavelength region can be attributed to the strong absorption of the QD layer but limited percentage of downconversion (LDS effect) of photons into electron-hole pairs. For the case (C), the situation is a bit different because now the QD-emitted photons do not get absorbed by the top cell at all. So when a photon with high energ hits the QD layer, the down-shifted photon can penetrate into the bottom cell and produces an electron-hole pair in the bottom cell. The IQE spectral response of the bottom cell is thus enhanced at this short wavelength, as shown in Fig. 7(b) . Meanwhile, the top cell EQE is hammered due to the absorption of the QD layer, which does not provide any photovoltaic carriers at all (the QD layer emits photons at λ QD and they are transparent to the top cell). So we can draw a brief summary on the location of the λ QD : if the emission wavelength is too long, it is detrimental to the overall EQE due to the extra absorption in the top cell spectral range and reduction of the quantum efficiency but without the compensation of LDS effect at all. It would be better to put the λ QD in the top cell to substaintiate the LDS effect while using the AR effect in the longer wavelength (the bottom cell) to match the current increment.
Finally, to achieve best enhancement, one must have J SC top = J SC bottom . Following the same notation in Eq. (1), both AR (λ) and LDS (λ) are wavelength dependent and the J SC of the both top and bottom sections need to be equal to maximize the amounts of enhancement (assuming the original J SC top matches J SC bottom ).
By using the equations from previous sections, one can evaluate the theoretical photovoltaic current based on the reflectance and EQE measurements. Fig. 8 shows both the EQE and AR enhancement spectral responses defined in Eq. (4) from three different QD samples. As been TABLE 4 The calculated and measured short-circuit current density components in QD-enhanced dual-junction solar cells under different QD emission wavelengths pointed out in previous section, both AR and EQE enhancement factors are close in the long wavelength part of the enhancement factor. Based on the theory developed in previous section, the calculation of J AR , J LDS , and J coupled can be performed, and the results are listed in Table 4 . The row of J SC (calc.) was obtained via the measured EQE spectra in Fig. 5 and Eq. (1). While the J AR (calc.) can be calculated from the integration of AR and EQE spectral response, and the term AR can be extracted via the ratio of surface reflectances in Eq. (4). The other terms, J LDS and J coupled can be subsequently determined if J AR is smaller than J SC . Due to the lower J SC in the top cell (from the EQE in Fig. 5 ), the enhancement of J SC in the top cells can be realized in all three cases from the calculation. In reality, the increment of J SC is actually smaller possibly due to the non-ideal solar simulator spectrum or extra material imperfection. In the case of QD450 device, the anti-reflection effect is so dominating that no LDS enhancement can be expected. In the future, the design rule must be adapted to the asymmetric current distribution. The balance between the enhancement from AR effect and LDS effect and the consideration of no-QD current matching must be taken into account. This rule can be quantified using our experimental data and theory in this paper if the QD layer is deposited under the same condition.
As for the lifetime of such hybrid CQD solar cell, we can evaluate it from two aspects: the LDS phenomenon and anti-reflection effect. For the LDS phenomenon, the luminescent efficiency of the CQD layer needs to be maintained. However, in this study, due to the direct dispense scheme, the dried and unprotected CQD tends to deteriorate significantly (to 35% of its initial value) in five hours according to our previous study [31] . Other methods to seal the CQDs with protective layers are possible, but extra distance of the CQD from the semiconductor surface will create unwanted loss which can in turn degrade the LDS efficiency and need to be carefully balanced. On the other hand, the AR effect brought by the intermediate refractive index of the CQD layer can last much longer because there is no photon-emission involved.
Conclusion
In conclusion, we demonstrated the PCE enhancement of a dual-junction solar cell by dispensing CQDs on the device surfaces. The detailed analysis is achieved via reflectance and EQE measurement data. The characterization of LDS effect can be substantiated by considering AR spectral response. For short wavelengths, the enhancement can come from both the photon downshift and AR effects; while for long wavelengths, the AR effect can be dominating. The emission wavelength of CQD is sensitive towards the overall enhancement as we observed green QDs performed better than the other two colors, and this observation complies with our previous report. An extended study can show the numerical model of such devices based on the LDS and AR effects and the importance of the QD emission wavelength (λ QD ) in such devices. Further design in terms of current match between multiple junctions is necessary to achieve the full utilization of LDS and AR enhancement. We believe this technology is a great candidate for the next generation of highly efficient PV devices.
